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Evidence for hydrogen generation in laser-or spark-induced cavitation bubbles The growing use of focused lasers or electric sparks to generate cavitation bubbles raises concerns about the possible alteration of gas content during the initiation process and its effect on bubble dynamics. We provide experimental evidence that hydrogen molecules are produced for such plasma-induced bubbles. We performed spectral analysis of the light emitted by the plasma and monitored the dissolved hydrogen concentration in water. The mass of dissolved hydrogen was found proportional to the potential energy of the rebound bubble for both laser and spark methods. Nevertheless, hydrogen concentration was found 2.7 times larger with the spark. 3 and surface cleaning, 4 where the phenomena occurring at the collapse of the bubble 2, 5, 6 are taken advantage of. To understand these phenomena, namely, shock waves, microjets, chemical reactions, luminescence, and nano/microbubbles, most experimental studies on the dynamics of cavitation bubbles in still water [6] [7] [8] use point-like hot plasma which is used to initiate thermal growth of a quasi-spherical vapor bubble in a controlled and repetitive way. Such plasma is obtained either by focusing a pulsed laser 9 or by producing an electric spark between two immersed electrodes. 10, 11 As it expands, the bubble cools down and reaches a maximum radius, which is limited by the initial energy in the plasma and the pressure within the liquid. The bubble then undergoes a collapse phase in good agreement with the Rayleigh model. 12 At the final stage of the collapse, both the pressure and the temperature increase significantly within the bubble with the possibility of complex chemical reactions, which may influence the water condensation process at the bubble interface. 13 The water vapor could be trapped within the cavity and become compressed as well. [13] [14] [15] It is widely believed that under these extreme conditions, the amount of gas present in the cavity is a crucial parameter that governs all the relevant phenomena associated with the bubble collapse. The size of the rebound and the energy of the shock wave are influenced by the amount of non-condensable gas in the bubble, 16 and the emission intensity of sonoluminescence depends on the type of trapped gases, such as inert gases and air, in the collapsing bubble. 17, 18 The gas trapped in the bubble is closely related to the gas dissolved in water, because diffusion occurs during the oscillation process. Therefore, the monitoring of dissolved gas in water gives an indication of the amount and type of gas within the bubble.
It is widely accepted that laser-or spark-induced bubbles behave like hydrodynamic cavitation bubbles, which can form in flowing water. It is commonly argued that when the maximum radius is reached, thermodynamic equilibrium is recovered and the bubble dynamics are no longer influenced by the initial hot plasma. Owing to this assumption, tremendous progress has been made in understanding single cavitation bubble dynamics. Nevertheless, this assumption may be questionable because of the possible occurrence of chemical reactions during plasma generation with subsequent changes in the gas content within the bubble. Indeed, the plasma generated by the laser or the spark can reach a temperature that is high enough for hydrogen to form through the chemical process of water dissociation. 3, 19, 20 In this study, measurement of the dissolved hydrogen concentration and spectral analysis of the light emitted by the plasma were performed during the successive collapses and rebounds of both laser-and spark-induced bubbles to detect and quantify the presence of hydrogen and to understand the key factors of hydrogen generation. Figure 1 shows the experimental setup. It consisted of a vessel, a laser source, an optical arrangement for laser beam focusing, electrodes with a power supply, a high-speed camera, and a delay line for synchronization purposes. Laser- induced bubbles were generated by a Q-switch Nd:YAG laser providing a 5-ns pulse at a wavelength of 532 nm. 21 The energy per pulse, E laser , was varied between 3.2 and 10.6 mJ. For spark-induced bubbles, platinum electrodes with a diameter of 0.3 mm and a gap of 0.075 mm were used. The spark energy per pulse, E spark , was 0.32, 0.76, or 1.2 J. 22 The vessel was filled with 250 ml of ultrapure water (Millipore, Simplicity UV). The bubbles were observed using a highspeed camera (Photron, Fastcam SA1.1) at 100 000 fps and 1 ls of exposure time, with a resolution of 320 Â 128 pixels. The emission lines during plasma generation were analyzed with an optical multichannel analyzer (Hamamatsu Photonics, PMA-12). A notch filter with a center wavelength of 532 nm and a full-width at half-maximum of 10 nm was used to reduce the intensity of laser scattering. The notch filter also cuts off the emissions with wavelengths shorter than 320 nm. The concentration of dissolved H 2 was measured with a polarographic-type sensor with a resolution of 0.01 lg Á l À1 (Bionics-kiki, BIH-50D) by circulating the water at a flow rate of 0.9 l Á min À1 . The water was changed for each new test to avoid residual dissolved H 2 . This device was equipped with a diaphragm to prevent microbubbles and thus ensure the reliability of the measurements. For each experimental condition, the tests were repeated at least 3 times to allow the results to be averaged. These experiments were performed at atmospheric pressure and room temperature ($20 C). The Rayleigh Eq. (1) 6,12 was used to compare the experimental results with those of a theoretical model
Here R is the bubble radius, which depends on time, q is the water density, and P v and P 1 are, respectively, vapor pressure and pressure in the surrounding water. Rayleigh time T Rayl in Eq. (2) is the collapse time of the bubble, i.e., the time between bubble maximum diameter and the first collapse of the bubble.
Here k % 0:915 is a constant, and R max is the maximum radius of the bubble. The radii of the bubbles were estimated from the movies using cross-sectional area A b (R ¼ ðA b =pÞ 1=2 ). Figure 2 (a) presents snapshots of bubbles for the laser and spark cases at different key stages: (1) initiation, (2) maximum radius, (3) main collapse, and (4) end of successive collapses and rebounds. The evolution of the normalized radius of the bubbles is shown in Fig. 2(b) . Bubble radius R and time t were normalized, respectively, by the maximum bubble radius R max and the Rayleigh time T Rayl . The solid line shows the evolution of the normalized radius of the bubble predicted by the Rayleigh equation. In the case of the laser, after a few weak rebounds and collapses, the volume of the residual gas quickly reaches a steady value R* ¼ R/R max ¼ 0.08 within a time frame of t* ¼ t/T Rayl ¼ 3. In the case of the spark, the bubble oscillates longer, with larger amplitude. It takes almost t* ¼ 6 for the bubble to reach a steady radius of R* ¼ 0.21. These results show that despite similar collapse processes that agree with the Rayleigh theory, differences appear both in the number of post-collapse bubbles and in the dynamics of the rebound when the bubbles are generated either by a laser or by a spark. Figure 3 shows the emission spectra at the generation of the bubbles for the laser case (a) and the spark case (b) revealing the generation of hydrogen atoms. By black body radiation curve fitting, shown by the dashed lines in Figs. 3(a) and 3(b) , temperatures of around 11 000 K for the laser-induced bubbles and around 14 000 K for the sparkinduced bubbles were obtained. Those estimated temperatures agree with values reported in the literature. 23 With such high temperatures, H and OH were likely generated by thermal dissociation of water vapor. 20, 24, 25 The relationships between the mass of the dissolved H 2 per pulse and the radiation intensities of H b and H a lines observed in the laser case and the spark case are also shown in Figs. 3(c) and 3(d) , respectively. Here, the intensity is the difference between the measured intensity and the intensity obtained from the fitting black body curve. Since the mass of generated hydrogen gas increased with the increase of the radiation intensities of H b and H a in both cases, these results also provide evidence that the generated hydrogen atoms at the plasma spot change into hydrogen molecules due to recombination.
The generation of hydrogen gas was also verified by measuring the concentration of dissolved H 2 . Figure 4 (a) shows the mass of dissolved H 2 divided by the potential energy of the bubble and the number of pulses versus the potential energy of a bubble for different output laser energies. Figure 4(b) shows the mass versus the potential bubble energy for different spark energies. The potential energy of a bubble at its maximum radius, E b , were derived by E b ¼ 4pR 3 max ðp 1 À p v Þ=3. 26 In the cases of both laserinduced bubbles and spark-induced bubbles, the mass of 2013) dissolved H 2 was almost constant against the potential energy of the bubble. This hydrogen gas was possibly generated by chemical reactions such as
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which resulted from the generation of hydrogen atoms and chemical species by the thermal dissociation of water vapor due to the high temperature at the initiation. Hydrogen molecules can also be formed by both H radical recombination and hydroxyl radical attack through
The mean mass of dissolved hydrogen, M H2 , divided by the potential energy of the bubble was 2.7 times larger for the spark case (M H2 /E b ¼ 0.17 lg Á J À1 ) than for the laser case (M H2 /E b ¼ 0.063 lg Á J À1 ). This difference can be explained by the involvement of additional physical phenomena when the plasma was initiated by a spark. In the case of the spark, in addition to thermal dissociation, electrolysis (2H 2 O(l) ! 2H 2 (g) þ O 2 (g)) 28 and electron impact dissociation of water molecules (e þ H 2 O ! e þ H þ OH) 29 occurred, which led to the formation of a larger mass of H 2 . Note that these phenomena could also explain the difference in the bubble generation energy efficiencies because they represent the sources of energy dissipation specific to the spark case. In the case of the laser, 12% of the input energy is converted into the bubble (E b /E laser ), whereas for the spark, only 2.5% of the input energy is converted into the bubble (E b /E spark ). Figure 5 shows the potential energy of a rebound bubble versus the mass of dissolved H 2 per pulse in the cases of the laser and the spark. The potential energy of the rebound bubble increased with the increase in generated hydrogen gas. The linear regression going through the origin shows a good relationship for both the laser and the spark cases, especially when the mass of H 2 is greater than 5 Â 10 À5 lg. This result means that there is a universal relationship between the potential energy of rebound bubbles and the mass of dissolved H 2 and provides further evidence of the effect of hydrogen gas on cavitation bubble dynamics.
In conclusion, the mass of hydrogen increases proportionally with the potential energy of the bubble, but the factor of proportionality depends on how the bubble is generated, i.e., laser or spark. By contrast, the potential energy of the rebound bubble is proportional to the mass of hydrogen with a universal constant of proportionality that does not depend on whether a laser or spark was used to generate the bubble. The mass of hydrogen increased with the intensities of the hydrogen emission lines in both the laser and spark cases; it is believed that hydrogen molecules are generated at the initiation of the bubble by the occurrence of thermal dissociation. It was also found that the mass of hydrogen for the spark-induced bubbles was 2.7 times greater than that for the laser-induced bubbles. This difference can be explained by the occurrence of electron impact dissociation and electrolysis in the spark case. The potential energy of the rebound bubble was proportional to the mass of dissolved hydrogen in both the laser and spark cases. These results are the evidence of the presence of hydrogen molecules in the bubble and contribute to the widely discussed question regarding the difference between "hydrodynamic" and laser-or spark-induced cavitation bubbles.
